In the Schleswig-Holstein region (S-H) of Germany, most observed near-surface saline ground waters originate from dissolution of shallow salt domes. Previous numerical simulations of thermohaline flow clarified the major mechanisms controlling large-scale density-driven flow. It has been found that, in addition to topographically driven flow, gravitational and thermohaline convection are the primary mechanisms for extensive solute exchange between shallow and deep aquifers. Geological features such as glacial channels control recharge/discharge processes at the surface. Here we address several previously unresolved issues: (1) the impact of a permeable unit (transition zone) between the salt and adjacent units; (2) the role of variable brine viscosity in affecting regional-(i.e., km-) scale heat and mass patterns; and (3) the influence of anthropogenic activities such as pumping stations on density-driven flow. We found that geophysical factors play a major role in 2 determining the dynamics of fluid processes. The transition zone significantly influences the flow field and the distribution of heat, slowing the formation of highly concentrated salty plumes. The impact of variable fluid viscosity on the coupled heat and brine flow is twofold.
INTRODUCTION
Shallow salt domes are common geological features in many sedimentary basins (Jackson and Talbot 1991) . Salt domes strongly influence groundwater transport processes as they create permeability discontinuities and generate hydraulic, thermally and density-driven forces that lead to thermohaline flow. Thermohaline flow is extensively documented in studies of the Gulf Coast region of the United States (e.g., Evans and Nunn 1989 , Evans et al. 1991 , Hanor 1987 , Ranganathan and Hanor 1988 , Sharp et al. 2001 , Wilson and Ruppel 2007 .
Thermohaline convection in the vicinity of salt domes can explain field-based observations of salinity and thermal anomalies around salt structures (Williams and Ranganathan 1994, Sharp et al. 2001) . In salt-dome environments groundwater can be driven by density gradients induced by thermal and salinity effects of the salt itself (Evans et al., 1991) . Thermally driven convection near salt domes is a possible transport mechanism for upward flow provided that thermal effects are not overwhelmed by salinity effects (Evans & Nunn 1989) .
In these studies, complex allochthonous salt structures have been idealized as cylindrical or rectangular-shaped bodies. Furthermore, the surrounding porous medium has usually been considered a structurally simplified homogeneous flow domain.
The Northeast German Basin (NEGB) has recently served as a study area for simulating thermohaline flow within a real basin hosting different salt structures. These simulations have provided interesting examples of diapir-related thermohaline convective flow in a basin whose stratigraphy is constrained by seismic lines and deep boreholes and is therefore geologically well defined. It has been found that upward solute migration takes place within the NEGB. At 4 km depth, salty waters forming near deep-seated salt structures ascend to the surface, driven by thermal buoyant forces (e.g., Magri et al. 2007 ).
Additional investigations based on the Schleswig-Holstein (S-H) region, Germany ( Fig.1) have highlighted how shallow salt structures piercing the surface aquifers influence the complex dynamics of saline groundwater flow. In this area, salt domes are among the sources of observed groundwater salinity near the surface of the basin. Other causes of salinity are upconing of deep-seated brines, seawater intrusion in coastal aquifers, and groundwater pumping stations (e.g., Agster 2001 , Grube and Lotz 2004 , Möller et al. 2008 . Previous numerical models of thermohaline flow carried out along a vertical profile through the S-H region have shown that brines forming near salt structures can ascend to the surface, driven by topographically induced flow and thermal buoyant forces (mixed convection). Furthermore, the numerical results indicate that, in addition to mixed convection, downward gravitational convection generated by unstable salinity profiles occurs near salt structures within the deeper units. These convective phenomena are likely the major mechanisms for solute migration and heat transfer between shallow and deep aquifer systems of the S-H region.
Although previous simulations were based on a real geological setting in the S-H area, three important simplifying assumptions were made. First, it has always been assumed that the salt defines a sharp boundary, in direct contact with the surrounding units. This is probably not the case in actuality because salt tectonics involve complex salt flow dynamics and irregular deformation of surrounding sedimentary rocks (e.g., Jackson and Talbot 1991) .
Along the studied profile (Fig. 1) , the salt diapir developed as buried low-density salt deposits coalesced and flowed upward, driven by higher-density surrounding sedimentary rocks , Maystrenko et al 2006 . As the diapir ascended, a shear zone likely developed between the salt and the surrounding sedimentary rocks. This shear zone is presumably characterized by very high strain and intermixing of salt and fragments of sedimentary rock.
This zone is here referred to as the transition zone. Although the exact structure and relative proportions of salt and sedimentary rock within this transition zone remain unknown, it is reasonable to assume that its permeability lies between that of the salt and that of the sedimentary rock. Thus in the simulations described here, a transition zone between the salt flank and the sediments is included to investigate its influence on groundwater transport processes. A second important simplification concerned fluid viscosity, which was assumed constant. However, when salinities and temperatures vary over a wide range, fluid viscosity cannot be regarded as a constant property. Patil and Vaidyanathan (1982) found that variable fluid viscosity decreases the critical Rayleigh number and therefore enhances the onset of thermohaline convection. In simplified models, Ophori (1998) proved that variation of fluid viscosity affects groundwater dynamics significantly. Nevertheless, the influence of variable fluid viscosity on rising/sinking heat and brine plumes in real basins remains poorly understood. Here, viscosity variations due to temperature and salinity dependences are included in order to assess which of the dependencies has a major impact on the thermohaline regime of a basin system. Finally, the impact of pumping stations on solute and heat transport has previously been ignored despite the fact that the aquifers of the S-H are widely exploited. 
HYDROGEOLOGIC SETTING
The S-H region ( Fig. 1) is located in northern Germany and is delimited by natural boundary conditions. An elongated salt wall reaching the basin surface stretches over more than 40 km along the western part while deeper salt pillows affect the southern and eastern area ( Fig 1A) . The Trave River and the Baltic Sea bound the region in the northeast (Fig 1B) . Hydrogeologically, the groundwater system can be divided into the upper fresh water / brackish water system and the Mesozoic deep salt water system, as shown in the stratigraphic chart (Fig. 3A) . These two systems are separated by the Lower Tertiary Clay, which acts as a regional aquitard. In the Mesozoic strata (mainly carbonates, marls and sandstones), groundwater salinity increases with depth, but density inversions are also observed Möller et al., 2008) . Total dissolved solids (TDS) reach concentrations of 270 g/l at depth of around 2 km. Groundwater from Permian aquifer complexes (intrasaliniferous carbonates and fluvial sandstones) are close to halite saturation with mean values of 350 g/l.
The fresh-water/brackish-water complex consists of heterogeneous Pleistocene sequences of gravel, sand, silt, and clays, which are highly variable in thickness and lateral extent (Fig.   3B ). Buried subglacial channels are significant features. These channels have different hydrogeological characteristics depending on fill deposits that consist of sand and/or till (Gabriel et al., 2003) . The Quaternary deposits are locally more than 500 m thick and provide local connections between shallow and deep aquifers. In the North German Basin, the glacial channels are extensively developed as groundwater reservoirs and can be vulnerable to contamination by dissolved halites (Wiederhold et al., 2002; Gabriel et al., 2003) . In general, salinity within the Quaternary cover remains rather low (from zero to few mg/l) but can locally reach concentrations of several g/l TDS. Friedrich (1902 Friedrich ( , 1917 , Heck (1949) , Grube et al. (1996) , Tesmer et al. (2007) , and Möller et al. (2008) .
Water analyses in S-
Groundwater salinity is related to structural elements such as shallow salt diapirs, fault zones or interglacial channels. Although several low-permeability units are present, upward flowing saline waters do enter the shallow post-Rupelian aquifer, mixing with meteoric waters (Möller et al. 2008 ).
NUMERICAL APPROACH
The transient equations governing fluid flow and mass and heat transport, were solved using the FEFLOW ® commercial finite-element software (WASY GmbH, 2002) .
Mathematical formulation of these equations is briefly recalled in the appendix. Further details can be found in Diersch and Kolditz (1998) .
The mesh resolution for discretizing the units from the Paleogene to the Zechstein Salt (Fig. 2) is 120 m. A finer resolution of 20 m to 40 m was applied to the Post-Paleogene unit to accurately preserve the geometry of the smaller structures. In the vicinity of the pumping wells, an even finer resolution of 3 m was used. In total, the grids contain 110,000 to 135,000 triangular elements. The resolution allows us to model variations in fluid density and viscosity on a regional scale while retaining acceptable computer execution time. Further mesh refinements did not change the calculated patterns.
The brines are considered pure NaCl solutions. Fluid density and viscosity variations are calculated using polynomial expressions that take into account pressure, temperature and salinity dependencies (see appendix).
Model parameters
Each stratigraphic unit is considered homogeneous and isotropic with regard to the physical properties (e.g., hydraulic conductivity, porosity) listed in Table 1 . A transition zone between the salt diapir and the adjacent units occurs along the salt flank. Whereas the modelled transition zone does not reproduce complex internal structures, it does allow us to consider vertical heterogeneity in hydraulic properties. Because the transition zone formed while the salt was rising, it consists of a mixture of salt, cap rocks, and mixed sediments from the neighbouring units (Dr. R. Otto, LANU, oral). Therefore, it is reasonable to assume that its hydraulic permeability is lower than that of the overburden (Frisch, 1993; Geluk, 2005; Dr. R. Otto, LANU, oral), but higher than that of the salt. There is substantial uncertainty regarding the spatial variability of hydraulic properties.
Boundary and initial conditions
Boundary and initial conditions were identical to those used in previous simulations described by Magri et al. (2008) . Briefly, at the surface, head, temperature and solute boundaries were prescribed. A Dirichlet boundary condition was used for the head, whereas heat and dissolved salt were allowed to flow through the surface via Cauchy boundary conditions using a reference temperature of 8 ºC and a reference solute concentration of 0 g/l.
At the bottom of the model, a constant-temperature boundary condition of 160 °C was defined. This value corresponds to a linear vertical gradient of approximately 30°C/km as observed in the Northeast German Basin (Bayer et al., 1997) . Along the salt borders, brine concentration was fixed at 345 g/L, representing an approximate value for halite saturation. In simulations including the transition zone, nodes on the salt-dome/transition-zone interface were also assigned that constant concentration. Lateral boundaries were closed to fluid, heat, and mass flow.
Pumping stations were modelled as local sinks. A series of hydraulic wells were assigned to the nodes representing the pumping stations (as located in Fig. 2 ). Total groundwater withdrawal was set to approximately 5 Mm 3 /year. Based on several long-term hydrographs provided by LANU, the proposed withdrawal was constrained such that the simulated groundwater head of the shallow aquifer falls a few meters below the initial water-table level.
The initial pressure and temperature conditions were derived from steady fluid-flow and conductive-heat-transport models. A salinity gradient increasing linearly with depth up to brine saturation is used to represent paleo-salinity conditions.
The transient thermohaline simulations were carried out over a simulated time period of 100 ky. This time period does not refer to a particular geological period and in fact a transient solution will never correspond to a precise geological period as there are too many unknowns.
For instance, the initial conditions from which these processes started are unknown, and the geological configuration of the system probably changed through time due to active salt tectonics.
NUMERICAL RESULTS

Impact of the transition zone
In a set of models to assess the impact of the transition zone, fluid viscosity is treated as constant. The results of thermohaline flow simulations are illustrated for two model scenarios.
In the first scenario (Fig. 4) , the transition zone is absent, and the Zechstein salt is in direct contact with the other units.
Highly saline brines (C>100 g/l) sink directly from the salt diapir into the Cretaceous sediments (Fig. 4) . Saline plumes migrate eastward and reach the surface through the Quaternary channel. The saline waters originating at the salt-dome crest have an average temperature of 20 °C, and downward brine flow carries cool waters to the deeper units (Fig.   4) . As a result, within the extended brine plume the simulated temperature field undergoes multiple inversions with increasing depth.
In the eastern part of the profile, thermohaline convection affects the uppermost units, which are more permeable (Table 1) . Above the horizontally extensive plume, temperature oscillations generate small convective brine cells (of half-kilometer radius). Thermally driven saline waters ascend into the shallow aquifer and spread locally at several points. In contrast, within the deeper Buntsandstein and the Muschelkalk, the transport regimes are dominated by mass diffusion and heat conduction.
These features of thermohaline and gravitational flow are preserved in the presence of a transition zone between the salt diapir and the adjacent units (Fig. 5A) . However, the system dynamics are different. As halite dissolves along the salt flank, the transition zone becomes gradually saturated with heavy saline water. As a result, the eastward extension of the brine plumes is delayed. In the absence of the transition zone, a brine plume with 200 g/l of dissolved halite extends over more than 12 km (Fig. 4) . In contrast, with the transition zone present, the brine plume has just begun to develop within the transition zone at a simulation time of 100 ky (Fig. 5A) . Further, in the upper part of the transition zone, regional recharge is enhanced (Figs. 5B and C) . Mixing of saline and fresh waters decreases both concentration and temperature. The velocity of the mixing process is on the order of centimeters per day (Fig. 5C) . Eventually, the salty waters discharging at the surface of the Quaternary channel are more diluted (Fig. 5A ).
Thus in this model scenario the presence of a transition zone along the salt diapir down the formation of highly concentrated brine plumes. At the same time, mixing between topography-related recharge and saline groundwater is enhanced. The eastward brine migration is delayed and the calculated groundwater-discharge concentration is lower.
Impact of variable fluid viscosity
The previous set of simulations was repeated, taking into account variable fluid viscosity.
Brine-viscosity dependence on temperature and concentration is computed via the equation of state given in the appendix (Eq. 10) and is illustrated in Figure 6 . At a given temperature, fluid viscosity increases with concentration. For example, at the relatively low temperature of 10 °C, the viscosity of brines with 200 g/l of dissolved salt is twice the viscosity of freshwater The simulations results are presented in Figure 7A and can be directly compared with Figure 5 in which the fluid viscosity is constant (at 0 μ ). In the shallow salt-dome area, variable fluid viscosity inhibits the protrusion of brine plumes. Heavy brines form in a relatively cold near-surface environment (i.e., T ~ 10 ºC). This setting is therefore characterized by higher fluid viscosity (Fig. 6 ) which in turn decreases the effective hydraulic conductivity of the transition zone and the neighboring units. As a result, brine migration is retarded; the Cretaceous is saturated with less concentrated brine. Whereas in the previous case (constant viscosity) the calculated concentration of the elongated finger is more than 50 g/l (Fig. 5) , here a brine plume with concentrations less than 30 g/l extends over 10 km in the horizontal direction at 1 km depth (Fig. 7A) . The calculated concentration at this depth is in good agreement with the available data (Möller et al. 2008) . Variable fluid viscosity also affects the temperature field because the less-dense brine flow does not overwhelm the thermal convective regime (Fig. 7A) . Temperature oscillations persist below the Pleistocene channel. Within the Cretaceous, thermohaline convection drives the tip of the brine plume upward along the increased temperature gradient. In contrast, constant fluid viscosity resulted in the formation of sinking heavy brines which cut off thermally induced convection cells (Fig. 5) .
Furthermore, owing to the fluid-viscosity dependence on temperature, brine flow is locally enhanced by increased temperature. This phenomenon can be seen in two parts of the profile (Fig. 7A ). In the central part, brines with 10 g/l TDS at 35 ºC are closer to the surface, spreading below the clay unit. At the eastern end of the profile, the thermal convective cells have merged, indicating a more vigorous thermally induced flow.
For comparison, a simulation was performed in which viscosity variations due to salinity were ignored. The results are given in Fig.7B . They show that viscosity variations due to salinity have a major impact on calculated solute-concentration patterns. By neglecting the concentration-dependence of viscosity, more salt is likely to be dissolved. A brine finger with a salinity of 50 g/L stretches eastward over 10 km, whereas in the previous scenario (Fig. 7A) the same brine plume had just begun to form along the salt flank. By neglecting viscosity variations due to salinity, the effective hydraulic conductivity is artificially increased. As a consequence, more concentrated brines form near the salt diapir. Because heavier brine extends eastward, the gravitational regime overwhelms the convective cells: the thermal plumes observed below the Pleistocene channels are flattened (compare Fig. 7A and B).
The impact of temperature-and concentration-dependent brine viscosity is twofold. In a colder and highly concentrated environment, such as a shallow salt-dome crest, it retards brine flow. In a less saline environment, variable fluid viscosity further enhances thermally induced upward due to increased temperature gradients. The simulation results also indicate that viscosity variations due to salinity alone have a major effect on the flow field. If this dependence is neglected, saltier brine plumes migrate within the basin.
Impact of pumping stations
Groundwater withdrawal has been simulated for a period 100 years in order to investigate the potential impact of anthropogenic activities on large-scale brine migration within the Quaternary aquifers. Based on the previous model scenario, series of pumping wells have been added in two locations (Fig. 2) : near the Pleistocene channel (P1) and further east, representing the exploited area of Lübeck (P2).
The effects of groundwater extraction near the Pleistocene channel are illustrated in Figure 8 . Before groundwater withdrawal, brackish waters are found at a depth of a few hundred meters below the surface (Fig 8A) . By the end of the simulation run, brine upconing has occurred (Fig. 8B) . The calculated salt concentration at the surface is 200 mg/L. It took approximately 20 simulated years for this concentration increment to occur. Owing to a sequence of thick clay units at a depth of 1 km, deep fluid processes are not affected by upconing; temperature oscillations continue in a free-convection regime at depth, generating small brine fingers (Fig. 8B) .
A qualitatively similar response to groundwater withdrawal is observed in the eastern part of the profile (Fig. 9) . However, in detail it can be seen that saltier and warmer groundwater spreads at the surface following upconing (Fig. 9B) . Locally, the calculated concentration and temperature reach as much as 5 g/l and 12 ºC, respectively. In this location, the thin clay unit does not provide a sufficient barrier to intrusion of geogenic saline groundwater into the shallow aquifer.
SUMMARY AND CONCLUSIONS
Numerical simulations were performed to address the following points: (1) the impact of a permeable unit (transition zone) between the salt flank and adjacent units, (2) the role of variable brine viscosity in affecting heat and mass patterns, and (3) Weber, 1977 and salt diapirs from Baldschuhn et al., 2001) , Pleistocene dorrs (Hinsch, 1974) , and average pumping rates in Mm 3 per day from LANU (Otto 2002) . B) Topography of the study area, river systems and profile location. Table 1 . For clarity a 5:1 vertical exaggeration is used. 
